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The con'i;ro]. o r  touchdo;.n v e 1 o c i t i . e ~  cf t l ~ e  LEN v c ~ h i c l e  dur ing  t h e  
f i n n 1  phases of l u n a r  lending  heve been invcstiga.te6. i-n a six-degree-.  
o f  -freec?om sir!nllatioe. A f ixed-'oase sir:lu.la.tor contsini.ng t h e  p i l o t  
d i s p l a y s  and coi1t:rols i.ra.s coupled t o  an analog s o l u t i o n  of t h e  e q ~ l a t i o n s  
of nlotioli. At-i;i.tu.de c o n t r o l  wes aflorded b y  a p ro to- .%me Gemini hand 
c o n t r o l l e r  and main engine t h r u s t  and t h e  RCS t r a n s l a t i o n a l  j e t s  opera ted  
through ail integra-tecl cont ro l - le r  simi.1a-r t o  t h e  cont ro l l -e r  now envisi-oned 
f o r  t h e  LEM v e h i c l e .  The a t t i t u d e  co i l t ro l  s~rstern 1ra.s opera ted  i n  a r a t e  
cornuiand mode and empl.oyed. on-of f t h r u s t e r  l o g i c  . 

The c o n t r o l  t a s k  presented  t o  t h e  p i l o t  wss t o  1a.nd t h e  v e h i c l e  
w i th in  specif iecl  ve loc i . ty  l i r f i i ts  s t a r t i n g  from a s e t  o f  given i n i t i a l  
conditi .ons,  P i lo- t  c o n t r o l  of fo~;i;rard a l ~ d  la.ter.a.1 ve l . oc i t i e s  was obta ined  
by o l e  of tr .70 methods: 1 )  r o ~ . ~ t i o ~ z  of t h e  m a i n  engine f;hru.st vec tor ,  snd 
2 )  t h r u s J ~ i n g  t r i . t h  t h e  K:S tr.j.nslal~-i.ons!. j e t s .  , z o i ~ t r a l  of v e r - t i c a l  ve loc-  
i t y  rirsa ~ c c m i : ~ l i s h e d  t..i?rou.gh main ecs-i:cle thy?;.:;<. The e f f e c i  of c o n t r o l  
~ - ~ ~ e t e r c ~  pzra,1:1~i;.-rs and RCS i;rails.7..a'i,ic?;ci3.1. j e t  c r o s : ; - . c o u ~ l _ l ~  - i n t o  t h e  a t t i -  

9 .  tuc1.e cnfi-t,,rol sysie:il oi, p i l o t  ptrfoi-ma,ilce -;[as i.iives-c?.gsterj, 

Tile 1-esul ts  of t h i s  study- i n d i c a t e d :  1 )  - that  c o c t r o l  of forkrard. 
a id  la i te ra1  v e l o c i t i e s  j u s t  p r i o r  t o  touchd.or:n c3.n be  e f f ec t ed  es ~ i e l l .  
u.s:iiig .the R(:S j e i ; ~  I S  u s in0 b a-ti;j.t~icl_e rotfltii_ofi , e.ltIr~oi;.~h 2:t i.:~ci-eased 
RCS f u e l  expeniii-Lure, 2) t h e  p r e s e r t  con t ro l  ;!o:ri:i. of 60/sec' a f ford?& 
by- a sing1.e c0u.pl.e a.pproa.ches t h e  lower l i m i t  f o r  a s a t i s f a c t o r y  c o n t r o l  
system, b u t  a dou'ole coupl.e, which prociaces 1 2 0 / s e c ~ ,  provides  s a t i s -  
f a c t o r y  atti.tu.de con-Lrol, 3) t h e  cross-coupling of t h e  RCS t r ans l a t io r . a , l  
j e t s  i n t o  t h e  a.t-i;itu.de c o n t r o l  systeln i s  of s u f f i c i e ~ i t  magnit~tde t o  ca.u.se 
p i l o t  con-tr-ol problems, 4) t h a t  it may b e  o p e r a t i o ~ ~ l l y  u~isound t o  ope ra t e  
L  he t r a n s l a t i o i ~ a l  j e t s  i n  t h e  presence of c . g .  o f f s e t s ,  and 5)  t h e  
i n t e g r a t e d  rnain engine--RCS c o i ~ i r o l l e r  may ca,use pi.l.ot c o n t r o l  pro'ole~ils 
vhen t h e  RCS je-ks a r e  opera ted  u n l e s s  P- f r i c t i o n  loclc device  of some t-ype 
i s  designed i n t o  t h e  c o n t r o l l e r .  

INTRODUCTION 

The procedures  f o r  c o n t r o l  of touchdowa velocities of t h e  LEM 
v e h i c l e  cli?ri.ng -the f i .na l  phase of 1 ~ 1 - n ~ r  1and.in.g i s  of  i n k e r e s t  a t  t h i s  
t ime.  There a r e  severn.1 viey.rpoi.nts a s  t o  t h e  c o r r e c t  procedu.x-.e f o r  con-- 
t r o l .  of' .touchdo.rn v e l o c i t i e s .  One vie~~p-pojnt contelzrjs 'ihat posi t i .on ancl 
v e l o c i t y  near  tcuc~~d0:,~:1 a r e  Elore coi~i,r.i>lla, '~~ie i~:;j,?g t h e  RCS tra:ilsl.Ei;ior1~1. 
jets ,  Ii'+; ~ l , l e  -the second 'oel.ie.ii:s t h e  cor:rect p-r.ocedu.re i s  t o  u se  rota.ti.on 

of t h e  main erLgine t?!x-u.st v e c t o r .  



Based oil the re si;?.ts or a serS.es of pTl~ot-cnntrol.l:i:? s j i i i ; ~ , .  a:? 
> - t h e  f'i.ncl phcjse of' I~i.ti.sr 1 ~.n? inz  c:ond~-~ic-kc-c? in-house agd a-i; i;iM (:clu.p?bu,5, 

-.1. J-L, I,? . bcxi.j.i-;.c.d -kll:JtL .b~.~1.cll,3-c;;:ri ~j._==~ej.t;; cort:c,o]_ is bes', eT;"ec,ca , . -  5; ro ta , -  

t i o n  of t h e  main e11.gin~ -t.hribj.st vec:'ior. acd t h r t  r;o reclu.ire:nent ex:isALs fol: 
usill;: tk I:cS je - to ,  9'lh-o -pi_l.02cs T l j - j  ng these sir:u.l.&ionk; di3 no'i:! st&-. 
tha-L t h e  translati.ona.l msneuvering ~a .pa .~b i l i ty  of t h e  LEi/l appeared t o  be 
r e s t r i c t e d  i n  sny ~33:raer vsi.l:g thru-st  vector  r o t a t i o n .  The pro7~l.em 
of res-iirictecl cockpit  v i s i b i l i . t y  (one  reason f o r  us ing KCS j e t s )  cannot 
b e  r e fu ted  d i r e c t l y  s ince  t h e s e  s i~n~~l . a , t ions  d i d  no t  have an "out-the- 
?rindoi/rU c a p a b i l i t y ,  Ho~,rever, i n  t h i s  respect  it rtlu-st be noted t h a t  t h e  
111a;fle~tvering cap3,bii.i"c;y of t h e  LEN i.s xore r e s t r i c t e d  us ing t h e  RCS j e t s  
becat]-se of t h e  l i m i t e d  rnaxi~nw~i t h r u s t  (200 pounrls) axailaisle,  wh-ich i s  
ro-u-ghly equiva-lent t o  an a t t i t u d e  r o t a t i o n  of 5 degrees.  A thru-st 
r o t ~ ~ t i o n  of 1 5  degrees ( t h e  po in t  a t  which t h e  horizon disappears from 
view) provi.des almost t h r e e  t imes t h e  transia, t i .onsl  acce le ra t ion  afforded 
b y  t h e  RCS j e t s .  Tlius, 112th proper a t t i t l l de  response, p r e c i s e  v e l o c i t y  
and t r ans la t i . ona l  control  i.s theore - t i ca l ly  b e t t e r  a,cco;nplished by t h r u s t  
vec-tor ro tadt ion .  

To provide a sa-tri.sfac-tory answer t o  t h e  qu-estion of tra;nslmtiona.l 
p roce t i~~res ,  t h e  Co:rii;roi Becjui.rernen'~s ".ect.ion, Systexls f l i~a,~.gsis  B~hi-~cli, 
has cond:~~ctc?cl. a piloted. s i l i~ .~la t ic jn  of t h e  flinal. pl~ase of 1r~:ilar la:c~iLin~, 
n 1he priinary o 3 j  ec-Live of i;his s  iniul.ation vas t o  determ?.ne i .~hether  a 
reclu-i-renient exi-s-ls f o r  us ing t h e  RCS j e t s  f o r  t ransl .at ioi ial  rnaiieuvers , 
A secondal-y ob jec t ive  i/ra.:: t o  determine i.f p i l o t  control. problems e x i s t  
when u.si.ng t h e  in teg ra ted  t r a n s l a t i o n s l  mfl?,in engrne th1v.s-L contx-c l ler ,  
Tiiis i n t e r n a l  note d iscusses  t h e  i re loc i ty  con'trol. procec1t~res arlcl  -Lhe 
r e s u l t s  of t h e  si~!1~~.2.z.t,i.on. 

The si~imlatioiz of %he f i n a l  por t ion  of t h e  1u:nar lrvlding was a.cco~n- 
p l i shed  by coupling an analog solu-tion of t h e  6 DOF equ.ations of motion 
t o  a  f i x e d  bese LEFT cockpit containi-ng the  p i l o t  d i sp lays  and c o ~ t r o l l e r s  . 
The equations of n!otion a s s ~ m e d  a. f l a k  "rr?oonH (no orbi"i.1 terms) beca-o.se 
of t h e  l o v  t rans la- i iona , l  ve loci . t ies  assocriated i * ~ i t h  t h e  problem- A.ttitu&e 
con t ro l  was e f f e c t e d  by a th ree -ax i s  hancl c o n t r o l l e r  s i m i l a r  t o  t h e  Gemini 
c o n t r o l l e r .  Main engine t h r u s t  con t ro l  a:nd con t ro l  of t h e  tx,ro t r a n s l a t i o n a l  
axes (hor izon ta l  arid later.a.1.)  rer re by  means of xn i n t eg ra ted  c o n t r o l l e r  
essentia1l .y s i ~ i l a r  i.n a c t i o n  t o  -tha;t p resen t ly  proposec? f o r  the  LEbl vehi-  
c l e .  Di.s-plays provided t h e  p i l o t  i-ncluded : 1) three -ax i s  e i g h t  bal:L f o r  
attitu-cle, 2 )  aLti.tude ar rc l  a l t i tuc ie  ra- te  with r e spec t  t o  local.  ver'iica.l, 
3 )  body translatio;?e:l v e l o c i t i e s  (5  ancl $ f o r  t h i s  si_ii~u.lat?lon, bu.t i azd. 
9,  r e spec t ive ly ,  with respec:t t o  a.ctual IEPI b o d j  a,xis system), 11) engine 



t'kkyusi; l ~ o  TJC~.;..',:~; r.eJc,i.o: 5 )  ?;ad:,- ?b~~g;~~.:i3,~ j-a:;-?s, a;.i_d 6) a siil~l.?,-:l;e:?. rsdar  
..> 

displ-ay (T'-0-i) A L .- c:" ti!~ tar,get l c ; r _ ~ t i o : ~  o;l a, 5 incl.1 CF;'?. 'I'71.e e%-';i-iudt+ toll- 

ire,?_ ~;;st.-;.::; e;-:!~l].a;~ed. o?.-oC-C t.?ll-Li.c;te-r I .o~r2 ?:I-t?-i ?,yi ~ f i j ~ j . ~ i ~ ? > ? ?  de?.d-;"?;fi6- 
e.nd con-tr,ol rcoi:l;.-i.l-ts azld was o;-i%i.&ted iil  a r a t e  co;!~~na..rcl. mo.3.e. f";:~yris:ioi?s 

- , . Tirere i n r : o l . . 1 _ 7 0 : . e . i - . i - p  j.n i]:e i:hl,, ~(32.~7 ~ ~ q ~ ? , l f c t i c : ~ ~ ~  f ~ i .  Ci'O::S coi;.p?.ing ef i 'ect  s  - 
of t h e  t r a . t s l a t i o p Q  jet:; ini;o tile body r o  . ,  :-ri io-7,- ,La] 120tioa equa t ions .  
Beccvj.se of t.ime 13.1ni.-tatiogs, center--of-grzvi  ty o f f  s e t s  Tirere no t  p-fo-rrided 
fo r  i n  -the s  5-rrrulation. Vehicle  c h a r a c t e r i s t i c s  (mass, i n e r t i a s ,  e-tc . ) 
were arpproxiiiately t hose  of  t h e  c u r r e n t  LE2d s p a c e c r a f t .  

Coi?-trol Task 

The i n i t i a l  c o n t r o l  t a s k  g iven  t o  t h e  p i l o t s  was t o  t r ans l a . t e  t h e  
I X M  t o  a p r e s e l e c t e d  la.nding s i - t e  and l a n d  ?-Tithin a given s e t  of con- 
s t ra , i .nts .  The second c o n t r o l  t a s k  1ra.s t o  reduce t h e  t rans la , t iona , l  
v e l o c i t i e s  and ].and. withou-t r ega rd  t o  the a c t u a l  l a n a i n g  s i t e  l o c a t i o n .  
The transla.tio12 was t o  b e  done by  a,) r o t a t i n g  t h e  main engine t h m - s t  
v e c t o r  and b )  t h r u s t i n g  wi th  -t'ne RCS j e t s .  Ground i-ules f o r  t i-ansla-ting 
and landing  trere t h a t  t h e  =?!I a t t i t u .des  should no-t exceed k l 5  degrees 
du.ring t r a n s l a t i o n  anci be a s  neaz zero  a s  p o s s i b l e  a t  touchdovn. The 
a.ccept&le l l o r i zna t a l  a:i~cl la-':.e:rsl vcloci-L:ies 1rz-r.e $0 S e  l e s s  t l lan ;r5 
fec.t /second, t h e  v e r t i c z l  v e l o z i t y  l e s s  then 2-0 fee t / seccnd a t  tcucl~do-;ra. 
The i n i t i a l  coi?di~tions for  -the s-tu.dy we:.i-e: 

Do~.rnr.ange 100  f e e t  

Crossranze --- 0 f e e t  

L8ongiii~.3ir:al ~ e ? ~ o c i t y  ( 5 )  1 0  f  eet/&t?coi:d 

L a t e r a l  v e l o c i t y  ( k )  O feet /second 

V e r t i c a l  v e l o c i t y  ( h )  -5 fee t / second 

From t h e s e  i n i t i a l  condi t ions ,  it i s  r e w i i l y  apparent  t h a t  t h e  a r e a  of 
i n v e s t i g a t i o n  coapr i sed  an extremely smal l  p o r t i o n  of t h e  tota .1 I.and.ing 
co i l t ro l  t a s k .  EIowever, it i s  p r e c i s e l y  i n  t . h i s  area ~ r h e r e  t h e  f i n a l  
c o r r e c t i o n s  i n  v e l o c i t y  and p o s i t i o n  iriv.st be  made p r i o r  t o  touchdown. 
The r e s u l t s  of t h i s  si.rn11.1ati.on e s  :?iscussec% belov  rfiust be  consi.derec1 
i n  t h e i r  proper  pe r spec t ive  t o  t h e  oiiera,ll c o n t r o l  t a s k  confront ing  t h e  
p i l o t  d ~ l r i n g  t h e  t o t a l  l u n a r  1andi.ng mission.  

Tes t  s u b j e c t s  u seci i n  t h i s  ~ i i ~ ~ ~ ~ l a , t i o n  inc luded  t h r e e  raked p i l o t s  
f rorn FCSD and one a s t r o n a u t .  TF.ro o t h e r  astronau.ts f  leiv t h e  s inlulat ion 
b u t  d i d  not  pa r t i c ipa ' t e  a s  s u b j e c t s .  A t o t a l  of 103  recorded d a t a  runs  
were made, d iv ided  a'oont eq~xa.ll.y between t h e  two trans1.a-Lion techniclues. 

n 7  l n e  f i r s t  con t ro l  tas l i  T,:a.s t o  tr .ansla.tc and l a n d  the LEM at  a 
preselec'ced I.xnd.i.n;; s i t e  v s i c g  t h e  ra.dar d.i.sp1a.y. A2 exa~?;illi.nati.oi? of 
t h e  &.La resu:L~bing i:rai 'ihe t e s t s  in6 ica,+,ec?. no apprec iab le  d i:Fi?i'c.rez;ce 
i n  i;o~i.chcl.c~,rn condi.t ions Toi" t h e  t w o  t e c ' n n i g ~ e s .  The velocii; ies a t  



- ~ ~ ~ i ~ ~ ~ ~ ~ , ~ < ~ ; , ~ - >  ~ 
7,jex.e ~,;<=21- v t ~ i ' ~ ~ ~ j - ~ -  .bh,> ~?c!i:.~-:; I-l,i]-c;; T<jL' ?:clr! i~ ('cbct,h 2 - c ~ ~  4-,j?pj?. 

a ,a f'c,&;/s,::c:liid) :; i j , j  less  -tl;:7.;-L --e, 2 f C c  t / scc~ ,~?d .   TO:^ I-I? 81 ::Q 7 j i  :,1~j.p r ~ c i : i  - , 721- .L 

, 8 r!:cnts , Tile ci? scjl-,ii!tc d i.~-;~l.z,.:2;~~~~-,f~ f-yr,-~:. 3, -LC; , _. - o:- ,.,L ....l, ,: -.- ,. : . -, 7;a.s ~,..\?i:.?;.::,?-';, '!et-t;er 
f o r  tZ?e F;C!S j e t s  .k,haLi ?,$ti t.ldt.: :.o-l;.a.l;ion (6.8 to 19.2 ff-e-t) bu-t - this  does 

. . 
-- >,, i T  c ~ ~ ~ ~ > - q  2 .L.--, n o t ,  e.:)-~er,r A A to 'at: e x t r % ~ - ~ ? l - i  s . r . ) - ; l f iq r ;p$  ~-, y1]7.~ t,~)+,,::.:~ - - ,,*l-s J . C , L ! L  e T;?L5 - 
hj-gjlel- (%=;g t o  139 i'e3-t/seco_.:d) foi- t he  ';CCt n ,,, p3.~oot3~,'b~y ?oeca-t;lise the  pil .0ts  
terided t o  -try f o r  S e t t e r  posit tol l  a,ccurecy .,rhicl! irricreasr_.d t h e  ri;snelzvi?.rc 
t i n e ,  although solfie of t h i s  increase n:ay be hue t o  thru-ster  f i r i n g  alone. 
The extremely low to.~.chdoi~m v e l o c i t i e s  i n  ? an3 ;- a r e  coxciitioned by t he  
f i g e  reso lu t ion  displays used i n  the  si-m~~la,ti.o-n. It i s  dou'otf-0.1 t he  
p i l o J ~  tail control  ve loc i t i e s  t h i s  accurat,ely ?Ln t h e  r e a l  wor1.d beca~l-se 
of v i sua l  discriniinatory limiLa,tions a,t the  d is tance  he nlust obta in  
ve loc i l y  cues (a,pproximately- 30' f r o n  h i s  eye). The pilo-Ls haci no par-t ic-  
u l a r  d i f f  icul-ty i n  perforl~iing -the t a s k  with eitiner tec l~nique,  bu-t b e t t e r  
p i l o t  control  of ve loc i ty  1ra.s afforded by the  RCS j e t s  bemuse of t he  
slu-ggish response of t he  &ti-tude control  system. The gross ve loc i t y  
changes were f a s t e r  v i t h  thrcs- t  vector  1-okation beca.u.se of t h e  higher 
t ra .ns la t ionai  accelera.tion. IEcwe-ver, because of t h e  lo.,r control  power 
(torcjge t o  i n e r t  is ra, t io) ,  t h e  correct  ion of lo;? 1~agni-t~-de vel .ocit ies 
was more d t f f i c u t t ,  a.li;hough t21.?e tov-chdor.cn v e l o c i t i e s  ?rere arpproxirns'iely 
t he  saxe regaru'.iess of tecl- iniq~~e . 

q'he second cop.tvol t , a , s  t o  r.e&uce the  tr*a.n:;.l..,z.i;iol~a,I velocri.-ties 
I bo "ihe gr.mnd r d e  limits land yithoi.c-k r.zgar.5 t o  %he 1mSing si'ke 
locair,ioil. The pll-ot-,s perf orme2 t h i s  t e sk  some~rhz.t Illore ea,sily tha.n vhen 
u.sing the  ra6ar  di.sp1a.y bec2?<?<r.e of the reduced cl;s:clajr scan req~l-ired t o  
col-cple.t,,e the  ~~a;e-il.ver, TQJC'_I$~<~!.:~~. vel.ocit<es ;.?e:i.t: rourrii'l - y e~!~.i7'31.e1ik .. Lo 
i;l.lose o'ptz.j.ne6 f o r  t he  f'j-rs-i; coj.lJ[.r.@]. t . s k ,  'oil-t i;j?- ,\ '2 @?i;~er>$itui-e r.rz,s - 
c2130u.t equal (120 f.eet/sec) for  bo-th techniq-i~es. 5'he decrease i n  ,:: V was 
du-e t o  +;he decreased m.aieuver time, which was rou.gl1l.y the  same f o r  both 
ma.ieu:vers. The p i l o t s  were again inclineci t o  favor  the  translaAiona1 
j e t s  f o r  t h e  reasons sta-Led a;bove. 

Tne g r o ~ ~ u ~ d  rw-les fo r  landing were changed so  t h a t  the  v e r t i c a l  (G) 
touchdo~rn ve loc i t y  w a s  t o  be l e s s  than 5 feet/second. In addi t ion t o  
t h i s ,  the  p i l o t s  $rere t o  have t,he engine a t  i d l e  cut  off  a t  toi~.c'ildo~~m 
since  t h i s  w i l l  be an operationa.1. recyL1.il-eriient nec~ss3:iny f o r  vehic le  
s t a b i l i t y .  I n  t h i s  case, t he  p i l o t s  1aZied t he  vehic le  within the  veloc- 
i t y  rey.i.rements (-3.3 a,r~d -3.7 feet /sec  f o r  j e t s  c"ad . thrust  vector  ro ta -  
I -  ~ r o n ,  respectfvel.y), bi1.t the  V expe~~di-Lure rose t o  166 fee.t/sec f'oi- tl12 
RCS j e t  maneuver and 127 i'eet/sec fo r  the  thn~ . s i .   recto^ roia,tioin imneuii\iei". 
T ' e  increased V expenditui-e f o r  both t e c h n i ~ ~ ~ ~ e s  was cl.u.e t o  the  s l i g h t l y  
increased maieuv-er time ~.rhicll caii be attribu'ied Cirec4;l.y "L the  decreased 
descent v e l o c i t i e s .  The signifli.cant,ly- j.ncrei?seci 2!hV expendi-tvre i n  the  
RCS j e t  r_n_a.o_ev.-,rer was pr0babl.y clue t o  rnech~nieai. fn te r face  probl.ems associ?.ted 
~ ~ i ' i h  opel*ating 'ilfi- i;ranzl.e-t,ioncl ccfitroll-cr an6 :leis f-ng-ine i ' i i~~ot-kle s t~~~ i .1 -  
t-?.reo?.lsly. The yr.obleli1 ex is ted  foiz tl12 10 f ee l i . / ~ec~nd  g~01~1ld. rule,  bat  the 
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s e r i e s  of' . t e s t s  shc~u.l.il be made on .the proto-type design t o  determine i f  
a r r i c i i o i l  cievice i s  an ~,~t~sol_~~--i,e req t~ i ren~en t .  

The e f f e c t  of l~a r i ous  control  parameters on zdloi; perforn13nce i7as 
,also invest igated,  These parameters included cont--02- pover, rake dead- 
band l i m i t ,  and control  mode. Results  of these  p ~ - i - a w t e r s  varia, t ions 
a r e  s~n~mar i  zed below: 

a Control Po~rer -. The present  LEM atti.t,ude contTol power of 
6'/sec2 proved adeq,ii.de f o r  performing the  t r a n s l 2 i i o n n l  maneuver 
provi.ding rap id  chacges iri a1titud.e were not  corra-i::zi.nded. I f  t he  piln'is 
d td  ca.11 f o r  a t t i t ~ l - d e  c h ~ n g e s  i n  t he  order of 12  t o  15 degrees, they  
i..i.ei-.e recj~l.i.reil t o  ant  i.ci.pa-he r a t e  cut-., 03' rel.~l ' t iv~L..y early -to prevent 
ovei-sl-io,z-t,ing t;i-re desired. at'iitllcie, O:~erco.n-t::ol 21-,ti.-Lade ch:e t'o the  
1 0 5 7  cofiti:@l po',rz:r d;l.ring tz-ansla,tioil r!lmeuvej-.s c;."-sec'i difl"i.cu!kby i n  
ac1lievj.q; 'ih;. des i re& veloci - t ics  beceL~~.se of tile ~1 :~ lgg i s I l  vehi.cl.e 
response i n  a t t i t u d e .  

Cross c _ ~ p l . i n g  - of 'ih- tra.nsi.z?cionel jet;-- into the a'i%itu.de 
:;:.-s-i;es a 1-i; o cz:.-c!:;t.d co:ltrol oro'rjle;;;.s be,e.2;.lse of' t;_- la,?:ge 1~o-pg-L a-r.j;?, 3r - 
t l e  E)IC,5 j e t s  tile c.g. F i r ing  of -the tra,nsP?.t,fon& j e t s  i n  -the 2 
present  vehic le  r e s u l t s  i n  an angular i?.ccelera,ti.o~ of almost 3.4 deg/sec , 
equ.a,l t o  57% of 'chc attitu-cle c o ~ l t r o l  pox,Ter. The ::,kti-?ude con t ro l  of t he  
JaPI during i?CS jet, f i r i n g ,  then, i s  a, t-wo-l.evel op?ra,tion i n  t h a t  a,ltitud.e 
changes i n  one d i r ec t i on  hase an a n w l e r  acce1eraLion of 9.4 deg/sec2 and 
i n  t he  other  d i r ec t i on  have an accelera t ion of on'7Ly 2.6 cieg/sec2. This 
presents  no problem so long as  srnall att,i.tud.e cha:ges occur d:u-ring RCS 
j e t f i r i ng ,  FIJ-t any la rge  a1tT.t;u.d.e changes i\ro-~rl.d :~~ro'a s3 ly  l ead  -to alrl u.-neon- 
t r o l l a b l e  s i t u a t i o n ,  

-- 2 
Increasi.ng the  control  pawer t o  12 ciee/'s-c el.kninated. sorm of t he  

u:ndesirz:i,le f ea tu res  of -trai~sl.a;Lion by t h ru s t  ve::,+.or ro ta t ion  si.ncz t h e  
v-ehicle atti.tu.de 1.espolnse t o  con t~*ol  inpu-ts was rxtc?,: b e t t e r .  The two le-'el. 
operat ing e f f ec t  ~~73,s s t i l l  present ,  Gu-t was fairl;;.;- well. masked by t h e  
12 deg/sec2 control  power, Resvl.ts of the  n u s  s:i?nrLred %hat t he  increased 
co:rl.brol porrer. <~i& ?lot af'fecJc ter.xinu1 v t . loc i i i e s  .jr f i e1  C O ~ ! S X I . ? ~ ~ ~ ~ O ' L ~  

appreciaa701 y, Ho;revcr, the  t e s t  s17.b j e c t s  ha6 less-  t r o ~ b l e  coc t ro l l ing  
al.ti.tu&e efid ~ ~ a ~ ~ l . ~ , t i . o n ? . l -  vel9i.i-ti.es eLi~.-ring 'i.'.e z.;?z;ci?l.i.er arl& a.lc;o tender? . . , . t o  shif-i; t l l e i r  q ~ ~ ~ ~ 1 , ~ : 1  as t o  -tjle efrec-Li~iece:;s c><" "c l l rus t  vecJior. ~-o-ta?;-i.oil, 
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expenditure, however, -):es signi7"ica.ntly l e s s  f o r  %he P:CS j e t  nlsneuver 
i n  d i rec t  tha,rl f o r  the  same maneuver i n  r a t e  cociri.snd (135 t o  165 feet /sec ,  
r espec t ive ly ) .  This reciuc-Lion was al.mos"i,ertainly due t o  t h e  pi . lo ts  
.la.nding the  vehic le  as rapid-ly ss poss ible  %?lea thrus-Ling with the  RCS 
je-Ls because of the  strong cross cou~ l i r l g  e f f e c t  %he j e t s  had on 'the 
a t t i t u d e  control  system, 

c. Deadbard - The a t t i t u d e  control  system wzs varied from essen- t ia l ly  
zero t o  2 deg/sec. The major r e s u l t  of deadband >.:as t,o r e d ~ ~ c e  the  e f f e c t  
of the  RCS tra,nsl.ation j e t  cross-couqling i n t o  the a t t i t u d e  control  sysJcem. 
A deaclband of zero degrees ( a physical ly  irripos sit:gle condition ) completely 
el iminated the  cross couqling since t he  a~~ to rna t i e  fea tu res  of the  control  
system re6u.ced t o  zero a l l  r a t e s  d~1.e t o  cross co~?.j,-,ling. A 2 d.eg/sec 
deadbanc? resu-lted i n  a precticaI . ly uncontrolla.b:Le vehic le  whenever t he  
t r a n s l a t i o n  j e t s  were operatea.  Tile p i l o t s  coi-11.d. f l y  and la-nil t he  
vehic le ,  bu.t ~.ii .~th. er,trt:lr?e 6.j.f f ic.ul.ty ?;lid i r i  thov.'~ 5eing able 'LO aJita,i_.n 
coz~sisten-t tei-mina.1 condif,ions, A r a t e  c:l.eadt,,3,nd of 0,5 deg/sec provicied 
an easi.ly coil-Lrolla,'o3.e vehicle t h a t  cou-ld be hancii.eii i.iithout l a rge  sicie 
e f f e c t s  o c c u i n g  during RCS Tirring. Yne 0.5 &eg,/sec r.d,-te ca,~~sed. by liCS 
je-ts caused a noticea3le a-tt-itu.de chznge, bu t  t711i.s presenteci i3.o pilo-king 
-~rol:)].e~!s - providing pi.:i.ots niaint al'..ned f airlg'  "rli.gh-l r=.t.titucl e con-Lrol. 

Cross-cou-pling of the  t r ans la , t iona l  j e t s  i n t o  t he  a t t i t u d e  systera 
caused no d . i f f icul ty  unless t he  raAe dea,Clband tras t oo  wide o r  t he  a t t i t u d e  
c o ~ i t r o l  mode tras i n  d i r ec t  t hm-s t e r  operation.  Tin f a c t ,  because t he  
a t - t i tude change d.uring RCS j e t  thru-st ing i s  a,lways i n  t he  d i r ec t i on  t o  
a s s i s t  the  RCS j e t s  i n  changing veloci%y, t he  ef f~5ct i - fe  accelera t ion of 
t h e  j e t s  i s  increased by an a:r~o~1:rt proportiona.l - f ; ~  the  a,ttitu.de cha-~lge. 
This, ho-?re?rer, d id  not influ-ence t he  t e s t  r e s v l t s  f o r  t he  pi lo- ts  were 

rii recpi-red t o  ma.rintain a near zero a t t l - tvde du-ring 3CS th rus t ing .  lne 
major e f f e c t  of cross-coupling i s  t h a t  of a t t i tu-dc  fuel. consu:mption 
s ince  t he  a t t i t u d e  j e t s  ~ i l ~ ~ t  opera,te a,nyi;ime the  o d y  ra,te exceeds t h e  
c?ea.dba,nd. l i m i t .  A s  noted. before,  the  angular  a.crrrs1era.tio-n caused by t he  
RCS j e t s  i s  3.4 dee/sec2 ~srhich n-ieals t he  r a t e  dezdbaild l i m i t  w i l l  be 
exceeded practicaJ. ly every time t he  RCS j e t s  a r e  f i r e d .  This i s opera- 
t i o n a l l y  objec-Lionable since the  RCS i'u.el i s  o b t ~ ~ n e d  from t h e  a s c e i ~ t  

.L, tanks.  It a.ppea.rs, men, thaL a trade-off  between arly poss ible  ease of 
tra.nslatio3. ~rj.'ih the  KCS J e t s  and asceiit tan!;. f'u.el. csage 1.m1st be rrade. 
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r e ad i l y  hypo-t,hes.ized.. fissl-vge the  c.g.  offset ,  causes a, r o l l  ~ n g l e  o l  2 
degrees and ti~a'i  ?..he engine t ,hrust  le-ire1 d1-!.ri?rg the  tra:i?slatio:l i s  2100 
lu.nar po~xnds. ?"is off  s e t  and engine thrv-st resu- l t s  i n  a s ide  force  of 
a.bout 70 you-nds i f  the  vehic1.e r o l l  angle i s  rnsintained a,t zero degrees 
accordir1.g t o  t h e  e ight  b a l l .  Flencc, . the ~wai.la,ble force f o r  t r a n s l a t i n g  
i n  one d i r ec t i on  i.s 270 pou-nds 17herea.s oilly 1-30 pou.ccls f o r  t r an s l a t i ng  
i n  the  opposite d i rec t ion .  This rileans %ha,% if the  p i l o t  t r a n s l a t e s  
l a t e r a l l y  i n  t he  di-rection of t h e  270 pound thrust,  ca,palbility it requ i res  
over t ~ r i c e  as  long t o  red-uce the  ve loc i t y  t o  zero as it required t o  
a.t-tain the  ve loc i ty .  This w i l l  be  c o n f ~ ~ s i n g  t o  t he  pil.ot a:nd c&n qu i t e  
poss ibly  l ead  t o  operational.ly unso i~ .d  m.3neuvers. Another problem 
associa ted wit'h c.g. o f f s e t  i s  t h a t  unless t he  vehic le  i s  r o l l e d  ( f o r  
t h e  above case) t o  coi.q>ensa:te f o r  t he  la.teral sid-e t h ru s t ,  the  p i l o t  
w i l l  be required t.o continu.ously opers.te t he  RCS j e t s  i n  an on-off 
manner t o  prevent l?!,iera,,l t i ~ a n s l a t i o n ,  Transla::?;tic;il by- a t t i t u d e  rota,- 
t i o n  r e s u l t s  i n  & si.mi2.s.r conrliJ<,ioii a,lt?lc;u;;;h tl?e c .g. off  s e t  e f f e c t  i s  
not as  prollonnceci, TJsF:r?g the  sca!ie assu~iptii?r~.l.; a>; hefore,  i f  an attFtu.de 
chai~ge of 10 cl.eg:,ree s i s  co:r,iirriend.?&, the  ac tua l  a-t-bit.u.de a t t  aFne6 i . . r i I I  be 
12  degrees ri.2 one d i r ec t i on  29cl 8 degree; f o r  the  opposite roiatioi?., 
Hence, i.f a. v e loc i t y  i s  bv-il-t up i.n t he  1.2 d.egree di rect ion,  it requ i res  
50 percent longer t o  red~rce it j.n t h e  8 iiegraee rot,a,tic)n. This i s  no 
more de s i r a?~ l e  t h m  i n  the t :caL~~, la t ion ~ ~ i t h  tile RCS je-ts, but  it 5.s 
certai:l:ly :r!n?cil l e s s  o1:>Jec-lic;rre.??lee froifi the  vj.e;r~oint - of piJ.oting yroced.l.j.res. 
Actu-ally, 'ihe e f  f'e c t  of c . g . of fse-t i s  cor~~pensa:ted. a.hr?osJi au-tomatically 
by t he  pil-ot s ince  vehic le  a,t,titu.de i s  used t o  cor rec t  veloci.ty. ?'he p i l o t ,  
i n  o ther  ~rords ,  does not care ~rha,t the  attitu.de i s  as  long as  it remains 
within reasonable 1 i : n l i t s .  Operationa,lly, then,  t h e  p i l o t  control  problems 
axe much l e s s  severe i n  t he  presence of c.g.  o f f s e t  uj?certaint ies u-sing 
thmst;  vector rotati.on f o r  tra,iisla.ti.on near t he  lunar  surface ,  

C CRCLUS IONS 

The following coi?clusions a re  macle based on t he  r e s u l t s  of t h i s  
s tu-dy : 

1, Control of 'he forward and 1a.tera.l vel.ocities of the  LEFI jus-t 
p r i o r  t o  landing tov.cldo-*.rn can be effec-iied as  we l l  using tile RCS j e t s  
a s  using attitxl.de ro t a t i on .  Rmrever, the  rwls i n  ~ri?i.ch the  RCS j e t s  
Irere util.ized. resultecl i n  g rea te r  expenditure of f-uel. 

2. The presen'i a,%-Litxde cori.trcjl pc7;rer usj . i~g a si.ilgle cov.jr,le (2 ~ e - t s )  
3rd producing about 6 d.eg/sec2 j.5 a,pprolbehing t he  li.o;reim li-ilt l o -  a. sakis--  
fac'iory con"c01 s;;::tcn?, The coiitrol. poircr. - essocia ted with 3. do-d.blc coup1.e 
(4- j e t s )  provides s&-ticfac-i;ory coi~irol_ ,  
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i.r^ a )  ?;he r-.-te <e:=.$i-.axpc'l is tea :.iitLe, iijld b3 i.f the &,tf-i_~~:de con-tyoj  ?;;ode 

c 3 i s  i n  d.i.r.c:ct thruster o:~e~-?.tio:ri. In sd$L-itLnn, sr;e er.ijss--coupling r r : i : l i  
C2irSe excessive at-Li -L i~. i ! .~? co.i:;-~i_r-i.p'li.i1~i in tile p:!.esc;ilci.i of nZycai.i rsa-le 
( and a t t  itu.de ) deac'ioands . - 

4. 1.6 appears t h a t  it may be operational-ly msounci t o  z t t en~p t  
t r an s l a t i ona l  maneuvers with the  RCS j e t s  i n  the  presence of c .g ,  
off s e t s .  Ho5revei-, t h i s  hypothesi_.s shoula be v e r i f i e d  by actmLl  skli11- 
l a t i o n  t o  determine i f  the  p i l o t  can compensate f o r  the  e f f e c t  caused 
by c .g .  o f f s e t  uncer ta in t i es ,  

5. These i s  a d i s t i n c t  poss ib i l i - ty  t h a t  the in tegra ted  con t ro l l e r  
will cause piloi; control  problems ~.rhen the  t r an s l a t i ona l  j e t s  a r e  operahed 
unless  a  f r i c t i o n  device of some type i s  incorporated i n t o  t he  main engine 
t h r o t t l e  por t ion of t he  con t ro l l e r .  


